Abstract-This work investigates electrical tree propagation in a glassy epoxy resin under constant DC voltages of +60 kV and -60 kV, using samples with classical needle-plane electrodes but having small AC trees (henceforth called 'initial trees') incepted prior to the DC tests. The characteristics of DC trees propagating from an initial tree is analysed via a sequence of 2-D projections of trees captured using a CCD camera during the test. The experimental results suggest that DC tree growth rate is polarity dependent even when initiated by the presence of an initial AC tree. The shape of the initial AC tree does not have a profound influence on the shape of the DC tree. The length of the initial tree, however, may have a determinant influence on the growth of DC tree. DC treeing exhibits a runway propagation and statistical analysis suggests that tree growth starts to accelerate after reaching a certain distance across the insulation.
INTRODUCTION
Electrical treeing in solid polymeric insulating materials under DC stresses is normally studied by means of, for example a voltage ramped test, a DC polarity reversal test, a DC grounded test, an impulse voltage test or a combination of these [1] [2] [3] [4] . Moreover the emphasis of these tests is usually the space charge influenced tree-initiation from either sharp metallic asperities (normally needle tip) or a void projection (for example in [1] ). However, the work reported here investigates DC tree propagation under a constant DC voltage in the presence of a pre-incepted tiny AC tree (initial tree). The aims of this work is to determine how a degraded region containing conducting tree channels responds to the applied DC stress and to report the observed characteristics of DC tree propagation.
II. EXPERIMENTAL
The samples used in this work were epoxy resin blocks cast from Huntsman LY/HY 5052 and had a classical needle-plane geometry. The needle (supplied by Ogura Jewel Co., Japan) electrode had a shank diameter of 1 mm, a tip radius of 3 μm, a tip taper angle of 30° and a distance of 2 mm to the plane electrode. The plane ground electrode was a thin layer of aluminium coated on the bottom surface of the epoxy resin block created by vacuum evaporation. A CCD camera was utilised to capture the 2-D projections of electrical tree for characterising the tree propagation process. Details of the sample preparation and experimental set-up have be introduced by authors in [5] .
An AC voltage of 10.6 kV (rms) was firstly applied to all samples to generate the so called 'initial tree'. These take the form of fine tree channels initiated from the needle tip, having a length of less than 100 μm. Once an initial tree could be visually confirmed from the real-time images of the CCD camera, the AC stress was removed immediately. DC electrical treeing experiments were conducted at room temperature (about 18 °C) on 22 samples with pre-incepted initial trees. Specifically, with the plane electrode grounded, +60 kV and -60 kV DC were applied on the needle electrodes of 12 and 10 samples respectively using a stable bipolar DC supply. The rise time of the DC voltage was about 1 minute for each experiment. Once a breakdown had occurred the DC supply tripped off. If no failure occurred after 10 hours the experiment was terminated.
III. RESULTS

A. Initial tree
The lengths of initial trees after AC inception are listed in Table 1 . The length of a tree is defined as the longest distance from tree tips (or tip if there is only a single tree channel) to the needle tip in a direction perpendicular to the surface of the plane electrode. The lengths are measured from the recorded optical images after being calibrated with a ratio (mm/pixel) between the actual size and pixel numbers. Although for each test the distance between camera lens and the needle tip is fixed to maintain a constant calibration ratio, experimental errors may still be induced. For example, the tree channel may be growing outside the focus of the camera lens (i.e. in a direction away or near the camera lens) and thus blur the fine tree channels in the image. Consequently, an error bar of ± 5 μm adding to the measured tree length was considered for the confidence of analysis.
According to the 2-D tree projections, most initial trees were incepted right at the needle tip as shown in Fig. 1 (a) . This is expected as the Laplacian field is highest near the needle tip. However, exceptions were found in samples S5, S11 and S12 in which the initial trees originated from the tip taper region as shown in Fig. 1 (b) . In addition, since the images are projections of the 3-D structures, trees growing behind the needle may be hidden at first and secondly, incorrectly identified as being initiated from the needle tip.
B. DC electrical treeing
The time to breakdown (TBD) of samples under DC treeing tests are also given in Table 1 , while for those which did not breakdown during a period of about 10 hours, lengths of the finial electrical trees are given instead. With +60 kV DC applied on the needle electrode, breakdown occurred in 8/12 samples as a result of the electrical tree bridging the gap between the two electrodes. However none of the 10 samples failed during the -60 kV DC tests. Among the 8 breakdown samples, sample S10 failed within 1 minute after voltage application. The tree propagation as a function of time for the other 7 samples is plotted in Fig. 2 . As shown in the figure, a fast tree extension at the beginning of test can be found in Sample S11. However, unlike in S10, the treeing process in S11 stopped at a tree length of about 0.4 mm (20% of the 2 mm gap). For the rest of samples, although differing in the TBD, similarities can be found in the time dependent tree growth.
The shapes of trees grown under DC voltages are similar given that there is only one main tree 'trunk' with a small quantity of short branches. Fig. 3 exhibits three examples of the trees just prior to breakdown. As shown in the figure, DC trees, trunk and branches, originate from the AC incepted trees and grow towards the plane electrode but not following a straight path.
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A. Influence of the initial tree
The morphology of a DC tree may not be influenced by the shape of the initial trees as demonstrated in Fig. 3 . The initial trees incepted under AC voltage mainly have two types of shapes, bush and branch, as demonstrated in Fig. 1 (a) and (b) . For both cases, only one main DC tree channel started to grow from one of the multiple tips of the initial tree.
However the lifetime of a sample subjected to DC treeing seems to be correlated with the length of the initial tree. As shown in Fig. 4 , breakdown only occurred on samples which have an initial tree longer than approximately 33 µm. Moreover a weak downward trend (linear regression in blue dash line) can be found in the TBD with the increase of the initial tree length. Since no breakdown occurred under -60kV DC, the distances of tree propagated are used instead of the TBD and are plotted against the lengths of initial trees in Fig.  5 . Similar to Fig. 4 , a threshold can be roughly identified at around 40 µm. For samples having an initial tree less than 40 µm, DC treeing barely started during the period of test.
The thresholds (33 µm and 40 µm) found in the length of initial tree for both positive and negative polarity DC treeing may be related to the formation of space charge in the vicinity of the needle tip. As suggested in many works [2, 6, 7] , charges would be injected from the needle tip under the high electrical field primarily determined by the needle geometry. The injected charges then form a zone of homo space charge which relieves the electrical field and therefore may decelerate the dielectric degradation e.g. the formation of electrical tree and subsequent breakdown. Since the initial tree channels incepted in the glassy epoxy resin are supposed to be conducting trees [8] , they might just act as tiny wire electrodes of a diameter of around 2 µm -4 µm [9] penetrating the zone of homocharge and therefore reducing the positive effect of homocharge on preventing electrical treeing. Consequently, the thresholds found on the lengths of initial trees may correspond with the depths of injected homocharge. However, at this stage, it is too arbitrary to argue that the size of negative charge distribution is larger than that of positive charge only based on the two rough thresholds of the initial tree length identified here. 
B. Characteristics of DC tree propagation
The DC treeing process exhibited a runaway propagation as shown in Fig. 2 and the shapes of DC trees shown in Fig. 3 are consistent with the breakdown structure predicted by a Discharge -Avalanche Model [10, 11] . This may suggest that the existence of the initial tree does not affect the tree propagation. Therefore the features of DC tree propagation observed in this work should be representative of that obtained on samples without the initial tree.
Based on the data in Fig. 2 , the average tree propagation rate is plotted against the normalised time to breakdown in Fig.  6 . The tree propagation rates prior to breakdown are about 1 -2 orders higher than that in the propagation stage which takes about 90% of the sample lifetime. Here we assume the growth rate of 1 µm/min is a boundary between slow tree propagation and a close proximity to critical conditions i.e. breakdown. We might regard periods of rapid growth as 'attempts' at breakdown. Then an interesting feature can be seen from Fig. 6 that most samples (S2, S5, S6, S9 and S12) end up with breakdown on their first attempts while in S8 and S11 the treeing process slowed after periods of rapid growth. The different behaviour found in S8 and S11 may be attributed to the nonhomogeneous properties of the samples. For example, a region of high tree-resistance may hold back the runaway process until a certain level of damage can be accumulated after a certain time.
For samples exhibiting a typical runaway process (breakdown on their first attempts), the tree growth rates are plotted against the tree lengths (which are normalised to the 2 mm gap between electrodes) in Fig. 7 . The tree growth rate increase with tree propagation. If still using 1µm/min as a criterion, most samples started their attempts to breakdown when the tree length exceeds about 0.8 mm (40% in Fig. 7) . If the threshold of 0.8 mm is not polarity dependent, it can also explain why no breakdown occurred for -60 kV tests in that none of the samples started their attempts to breakdown as none of the DC trees reach the threshold (as shown in Fig. 5 ). V. CONCLUSIONS DC treeing tests were conducted on needle -plane samples with small trees of less than 100 µm length incepted at the needle tip under AC voltage. A polarity dependence of DC treeing can be witnessed from the result that 67% (8/12) of samples breakdown when +60 kV DC was applied while no sample failed under -60 kV for a period of about 10 hours. The morphology of the initial trees, either bush-like or branch-like, does not have a major effect on the structure of the subsequent DC tree. However the length of the initial tree is related to the lifetime of a sample. A critical length of the initial tree was found at around 33 µm -40 µm. If the initial AC trees exceed this length, then the DC tree growth was seen to be accelerated. This critical length may correspond to the distribution of space charge injected from the needle electrode. Most DC treeing observed in this work follows a runaway process to breakdown.
Moreover, a critical tree length (about 40% of the electrode gap) may exist above which the tree propagation started to accelerate.
